Under specific conditions, light will undergo a phase change upon reflection. This phase change affects the results of many precision dimensional measurements. The phase change on reflection was investigated at a glass-metal interface using samples with evaporated metal strips on the back surface of a wedged glass substrate. The samples were measured on a phase shifting interferometer and the phase change was calculated from the apparent measured step heights from the internal reflection at the back glass-metal interface. The background subtraction process was the largest contributor to the phase change uncertainty. The phase change was measured for gold, copper and aluminum at normal incidence and for gold at varying angle of incidence. The measured phase change for gold, copper, and aluminum is 131.4° ±3.8°, 173.7° ±3.8°, and 200.7° ±3.8°, respectively. The measured phase change for gold at varying incident angle is shown. In addition, the effect of the phase change on the radius measurement was investigated. A bias in the radius measurement due to the phase change was found that is interferometer dependent.
INTRODUCTION AND BACKGROUND
Many precision dimensional measurements are based on interferometry which inherently relies on the reflection of light from a target. Upon reflection, light undergoes a phase change. This phase change on reflection depends on the material properties and can introduce a bias in the measurement. The phase change on reflection varies with incident angle, material properties, wavelength, and material depth. This variation affects measurements ranging from precision radius of curvature (by changing the cat's eye position), center thickness, gage block calibration, to scanning white light interferometry (SWLI) 1 . The goal of this research is to measure the phase change on reflection as a function of incident angle, material, and material depth as well as to determine its resultant effect on measurements such as the radius of curvature.
The phase change on reflection depends on the index of refraction of the material on both sides of the interface. The index is complex for metals and in some precision applications the small imaginary component of nominally transparent materials cannot be ignored. Refractive index values are published for many materials 2, 3, 4 , however these values are often contradictory, presumably due to variations in material composition and/or film thickness. Furthermore, the optical properties of many alloys are not well known. Thin films, like those used in MEMS devices (which are commonly measured with SWLI), often do not have the same material properties as the bulk material. Interferometry is well suited to measure phase changes, but a difference measurement must be made where the phase change is compared between two materials. A typical configuration is to deposit a region of material A on a substrate of material B and then measure the apparent step height of material A. However, the physical step height must be known to determine phase change on reflection differences 5 . The physical step height contribution can be intrinsically removed by depositing regions of the metal on the back side of a glass substrate and measuring the phase profile of light reflected internally from the back * kmmedicu@uncc.edu; phone 704-687-4849 surface. Such investigations have been carried out with SWLI 6 , but the angle of incidence and wavelength dependence cannot be easily investigated with this method. In an early experiment 7 , fringes of equal chromatic order were used to investigate the phase change on reflection over a range of wavelengths. In this experiment, the phase was not directly measured, but calculated through fringe counting.
We have investigated the phase change on reflection by using a combination of methods discussed in the literature. We are using phase shifting interferometry (PSI) and a sample geometry where an internal reflection is exploited to intrinsically remove the step height from the measurement. Our initial studies focus on normal incidence reflection for a range of metals with 632.8 nm wavelength light and varying the angle of incidence for a gold sample. Future work will investigate film thickness and wavelength dependence. In this work, we describe the theory behind the measurement, the experimental configuration, and present examples of experimental results.
Connection to Radius and Cat's Eye
The interferometric radius measurement requires two measurements, at confocal and at cat's eye 8 . The geometrical model with a non-aberrated incoming beam is considered here. In this case, at the confocal position, all the rays hit the surface at normal incidence. Therefore, if there is a phase change, it is constant along the entire aperture. There will be a phase change on reflection at confocal if the test part has the complex component of the index of refraction, but there is no phase change if the complex component is zero. In either case, since the angle of incidence is always zero, the phase change is constant.
But, at cat's eye, in a geometrical model, the angle of incidence is not constant. It varies from 0° to a value dependent on the numerical aperture (NA) of the objective. It is this case that is of interest. Because the phase change is not constant, there may be a bias in the cat's eye position that does not occur in the confocal position. This suggested bias is dependant on the polarization state of the incoming beam, the NA of the system, and the material properties of the test optic. If the complex index of refraction of the test optic is zero or can be approximated as zero (most glasses) the phase change is constant at zero degrees for all incident angles and the bias will not occur. Therefore the suggested phase change bias is only a factor for metals and other materials with a complex component of the index of refraction.
A purpose of this work is to determine if this bias can be calculated and corrected for. Also, we are introducing a method of measuring the phase change using phase shifting interferometry and a new background subtraction method to reduce uncertainty.
THEORETICAL CALCULATIONS OF THE PHASE CHANGE
In the following experiments, the phase change was measured when light reflected from a non-absorbing media (glass or air) and an absorbing media (metal) interface, as indicated in Figure 1 . The glass or air has an index of refraction of n 1 , and the metal has a complex index of refraction, 2 n = n 2 (1 -iκ 2 ). There is some confusion in the literature over the definition of κ 2 . In some cases the complex index is defined at n+ik (the letter k). However, here we will use the Born and Wolf 9 convention of n(1 -iκ), the Greek letter kappa, not the letter k.
Glass n 1 metal n 2 -ik 2 Figure 1 : An electric field, Ei, from glass is incident from a glass substrate on bulk metal at an angle of θ 1 . The electric field is reflected (E r ) and transmitted in part (E t ).
The phase change, φ, of the reflected electric beam (E r ) is desired. We will first derive the case for non-normal angle of incidence, that is, θ 1 ≠0°. Then the normal case will be derived from the non-normal case. 
Non-Normal Angle of Incidence
where θ 2 is not physically defined, but is the angle of the transmitted electric field, E t , to the surface normal in the metal. The θ 2 term must be removed to solve for u 2 and v 2 as a function of physical attributes. This is done using Snell's Law of refraction, a trigonometric identity, separation of the real and imaginary parts, substitution, and solving a quadratic equation. The variables u 2 and v 2 are then:
9 . Now u 2 and v 2 can be solved for using only physical attributes: the incident angle and the material properties of both materials. The next step is to determine the reflection coefficients at the interface. This is done by starting with the Fresnel formulae for reflection which are defined for both the TE and TM components of the light. TE and TM symbolize the transverse electric and transverse magnetic modes of the light and depend on the polarization state. The TE mode occurs when the polarization state is such that the electric field of the incident light is perpendicular to the plane of incidence and the TM mode occurs when the electric field is parallel to the plane of incidence. Equation 1 is substituted into the Fresnel formulae to eliminate n 2 cosθ 2 . The reflection coefficient derived from the Fresnel formulae are 9 .
To explicitly solve for the phase change values Equation 2 for u 2 and v 2 is substituted into Equation 4. This is not shown here for clarity. Also, the amplitude of the reflection term and the amplitude and phase of the transmission term are not defined here. While these are required for a full description of the light after the interface, they are not required here; only the phase change of the reflected light is.
Normal Angle of Incidence
At normal incidence,  θ 1 =0° the state of polarization is inconsequential. The phase change for both the TM and TE mode are equal
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. By substituting θ=0° in Equation 2, we find that u 2 + v 2 = n 2 (1+ κ 2 ). Therefore, for normal incidence, the Fresnel amplitude reflection coefficient, r, and the phase change, φ, are given by 
Determining the values of the index of refraction
While the phase change on reflection is likely a function of the thickness of the metal, we first consider the case of a bulk material. The refractive index of the materials can be found in published literature. Many of the published values list k for the complex part of the refractive index; k is then divided by n to find κ (kappa). Published values of n and k 2, 3, 4 vary, even within the same source. Also, in the source, the values are listed in a table form relative to the measured (or calculated) wavelength. To find the values required at 632.8 nm, interpolation is required. Various methods of interpolation were tested: a two point fit around 632.8 nm, a 10 point linear fit around 632.8 nm, and a 10 point twodegree polynomial fit. Table 1 shows an average value for the complex index of refraction for aluminum, copper, and gold. The average is of 3 sources 2,3,4 and 3 different interpolation methods for each source. The percent variation is the one standard deviation of all the values as a percentage of the average.
Phase Change Values at Normal Incidence
Using the complex index of refraction for copper, gold, and aluminum from Table 1 and Equation 5 the phase change on reflection for normal incidence was calculated as shown in Table 2 . The uncertainty in φ,° column shows one standard deviation of the phase change due to the variation in the n and κ values. The glass substrate used was fused silica with has an index of refraction of 1.457
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. The uncertainty in the index of the glass is very low as compared to the metal and can be neglected. You can see that phase change on gold and copper have a large uncertainty due to the large variations in the n and κ values. 
Phase Change Values at Non-Normal Incidence
Using the complex index of refraction for gold from Table 1 and Equation 4 , the phase change on reflection as the angle of incidence varies was calculated for both the TE and TM modes and is shown in Figure 2 . Also, the phase change for an air/gold interface was calculated and is shown in Figure 3 . This is required for further models. Note that these graphs do not take into account the uncertainty in the n and κ values described in Section 2.3.1. 
Added Defocus due to the Phase Change
As shown in Section 2.3.2 , the phase change varies as the incident angle varies. This section will show the relationship between this phase variation and the determination of the cat's eye position. We are initially only investigating TE mode for two reasons. The Veeco interferometer used in the experiments is linearly polarized in the TE mode and because the TE mode has a larger variation (than the TM mode) in phase change. Investigating the TE mode only will give a worst case for the offset in the cat's eye position due to the phase change. First, the phase shown in Figure 3 is converted to a height using λ π Height
where λ is the wavelength of the light, 632.8 nm. The additional factor of 2 in Equation 6 is because the phase change measurement is double pass for height features but single pass for phase change measurements. Then, we consider the largest NA of interest (0.7), where the maximum angle of incidence at the cat's eye position is 44.4°. At this aperture, the phase change is well approximated with a quadratic line fit, shown in Figure 4 . This fit is also valid at the smaller NAs. Using this profile, a map of this height was created for the full aperture, 8 mm, at each NA of interest (0.28, 0.42, 0.55, and 0.7) by rotating the above profile around the height axis. These results are shown in Figure 5 . The Zernike defocus term was calculated for each map and is shown also. 
The offset due to Phase Change
The defocus Zernike, Z DF , terms for each map are: -1.1, -2.6, -4.5, and -7.8 nm as shown in Figure 5 . Using this value and the slope value of the Zernike Defocus vs. Position along the optical axis we can determine the offset in the cat's eye position due to the phase change on reflection. The slope can be found from experimental data or from the theoretical calculation based on the NA. The theoretical slope is calculated from the NA 8 . By simple multiplication, the worst possible case of offset in the cat's eye position due to the phase change on reflection is determined. The results are summarized in Table 3 . It is important to note that the aperture of the objective was used for visualization purposes only and does not affect the offset of the cat's eye position if the NA of the objective does not vary. The phase change adds a negative Zernike defocus value to all the phase maps at cat's eye. Therefore, the offset in due to the phase change is towards the interferometer and the measured radius is smaller than the actual. This can be easily seen in the following data set in Figure 6 (created for example purposes only). One set of data demonstrates where phase change is not considered. In other set of data the phase change is considered by adding a (negative) defocus. The actual cat's eye position occurs at the intercept of the no phase change data, but the interferometer sees the cat's eye position at the intercept of the phase change data. The offset does not vary greatly for the range of NAs shown. This demonstrates that the offset due to the phase change offset is a factor of the material properties more than the NA. Even so, it is best to calculate the offset due the phase change using the actual slope values from the data, not the theoretical slope. This will be done in future radius experiments.
Offset as a Function of Uncertainty in the Index of Refraction
If the uncertainty in the index of refraction demonstrated in Section 2.3 is considered, the Zernike defocus values shown in Figure 5 vary and consequentially the offset varies as shown in Table 4 Table 4 . One standard deviation on both sides of the average n and κ were considered. As shown, the offset can vary a great deal. This is why it is essential to know the actual phase change of the material that is used for the test optic. 
Offset due to the TM mode
The above analysis was done using the TE mode of polarization to calculate a worst case offset. The actual cat's eye refection is a combination of the TE and TM modes and is interferometer dependent. We consider the case of the Veeco interferometer where the light is polarized linearly up and down. As the light is focused by a transmission sphere, the polarization does not change. But, because the part is spherical, the plane of incidence changes, therefore both TE and TM modes are reflected from the surface. This is shown in Figure 7 . Before the reflection, Figure 7 (a), all light is linearly polarized up and down. The cross sections at 1, 2, and 3 demonstrate how the light is reflected. At 1 ( Figure  7(b) ), the TM light coming in is reflection as TM light. At 2, Figure 7 (c), the TE light coming in is reflection as TE light. At 3, Figure 7 (d), the light is both TE and TM coming in, but because the TE and TM modes have different phase changes, the TM will be delayed. This delay will result in elliptically polarized light. With an input of linearly polarized light, astigmatism will result because the TE and TM modes have different phase change values, but the defocus value will be dominated by the TE mode phase change value because it is larger than the TM mode. It is important to note that the defocus is the input polarization state dependent.
EXPERIMENTAL PLAN

Sample Preparation
The samples were 12.7 mm diameter glass substrates with 3.0 mm wide strips of evaporated metal as shown in Figure  8 (a). The metal was deposited using a Varian 3125 Vacuum Thin Film System. The metal strips have a nominal height of 500 nm. The height was determined by a quartz crystal thickness monitor in the evaporator and confirmed using a calibrated profilometer. The original mask used in the evaporator is shown in Figure 8 A redesigned mask and fixture was manufactured to reduce shadowing effects and to allow one mask to be scanned during evaporation. This will allow us to create metal films with a ramp profile for future studies.
Measurement Plan, Normal Incidence
A Veeco/Wyco PSI was used to measure the phase change. The sample was configured for a back measurement as shown in Figure 9 . By measuring through the sample, we are directly measuring the phase change difference between the glass/air interface and the glass/metal interface. A front configuration would measure the phase change plus the step height. A Claphamdue flat was used as the transmission flat. This provides a reasonable fringe contrast between the glass and metal regions of the sample and greatly improves measurement quality. A picture of the measurement is shown in Figure 10 . The apparent step height observed in the data is the phase change at the glass/metal interface relative to a glass/air interface. The absorption of fused silica is very low. Consequently, the phase change on reflection for the glass/air interface is approximately zero (an internal reflection). This assumption leads to a negligibly small contribution to the final uncertainty.
Measurement Plan, Non-Normal Incidence
For the non-normal incidence measurement, the sample was placed in a skip-flat geometry 12 as shown in Figure 11 and Figure 12 . The sample is on a rotary stage that rotates in the plane of the paper as shown in the figure. First the sample is aligned and measured straight on, as in a normal incidence measurement. Then the rotary stage is turned to specified increments: 10° to 35° in steps of 5°. At each angle, the return flat is aligned such that the light reflected from the back of the sample reflects off the return flat to the back of the sample and then back to the Veeco. Two areas of concern to note are that the measurement of the phase change occurs twice; therefore the conversion from height to phase is not the same as the normal incidence measurement. In addition, the incident angle on the glass/metal interface is not the same angle of the rotary stage due to the wedge geometry of the sample. The height to phase conversion will be discussed in Section 4.2. The relationship between the angle of the rotary stage and the incident angle (both in degrees) is a simple geometry problem and is not shown here, but the results can be summarized as 
ANALYSIS AND RESULTS
Because the measurements were conducted through the glass substrate, the inhomogeneities and surface figure error of the glass are included in the phase change measurement. To correct for this, the back of the substrate was measured in the same configuration and nominally the same position before the metal was deposited. This background measurement was then subtracted from all subsequent measurements. This was done for each substrate and for both the normal and varying angle of incidence measurements. The subtraction process leads to a significant contribution to the uncertainty and is discussed in more detail in Section 4.3.
Analysis, Normal Angle of Incidence
An example measurement after background subtraction is shown in Figure 13 . It is essential to note that the apparent height shown in Figure 13 is not a physical height, but an artifact of the phase change on reflection. All of the light is reflected from the nominally flat back of the glass substrate. The apparent height, h, is converted to phase, φ, using Equation 6 because the normal angle of incidence experiment is double pass for height features but single pass for phase change measurements. The multiple region analysis tool in the Vision software was used to separate the metal and air regions and to calculate the RMS, the number of points, and the mean value of each region. The difference between the mean value for the air and metal regions is the phase change on reflection for the glass/metal interface. The number of points and RMS are used to calculate the uncertainty in the mean value.
Analysis, Varying Incident Angle
Only one sample, gold, was measured for the effect of varying incident angle. The analysis for this measurement is the same as for the normal angle analysis except for the phase to height conversion. The skip flat test is double pass in phase and the height from the measurements is converted to phase using λ π Height
As above, the multiple region analysis tool was used to separate the metal and glass regions. Again, the difference in the mean value of the metal region and the mean value in the height region is the phase change.
Uncertainty
We have investigated the primary sources of uncertainty and estimated their contribution to the measured phase change using a gold measurement as an example for all of the following cases. Variations in the evaporation process create a level of uncertainty not studied here, but will be investigated in the future.
The RMS of each area (metal and air), when divided by the square root of the number of points indicates the uncertainty in the mean value (phase). Without subtraction, the uncertainty in the phase of the metal and air regions are both 0.09°, with subtraction, they are 0.07° and 0.06°, respectively. This reduction demonstrates importance of the background subtraction.
A major source of uncertainty is the background subtraction. The pre-and post-deposition samples can not be repositioned exactly in the same orientation in the interferometer. Rotation, translation, and zoom differences occur between the two measurements. The trimming of the edge pixels also contributes to uncertainty. Shadowing effects require that the edge of each strip be trimmed. This trimming is subjective.
A simplified Monte Carlo simulation was performed to determine the uncertainty associated with repositioning and trimming. In software, we manipulated the data, performed the normal subtraction process, and calculated the resultant phase change. The manipulation was done such that it would be comparable to our best effort at repositioning in the lab: translating ±20 pixels in both x and y, rotating ±10°, zooming 5%, and trimming 0 to 5 pixels. The phase change for each of the above manipulations was calculated. The worst case for each situation is shown in Table 5 . The difference from the non-manipulated case is indicated in the Difference column. These differences were then combined in a root sum square method to calculate the uncertainty associated with repositioning and trimming, 3.8°. Repeatability and reproducibility studies helped to determine the environmental effects of our measurement. Reproducibility was measured by removing the sample from the interferometer, waiting a day, and repeating the measurement. The repeatability of the measurement is 0.26° and reproducibly 0.50°. The final uncertainty is then calculated by combining all the above uncertainties in a root sum square method. The final combined uncertainty for phase change is on reflection for this experimental method is 3.8°.
Results, Normal Angle of Incidence
The gold sample was measured on three days, twenty times each, for a total of 60 measurements, where each measurement was an average of eight. The calculated average phase change for gold was 131.4° ±3.8, corresponding to a height change of 115 nm ±3.8 nm. The aluminum and copper samples were measured 20 times each, where each measurement was an average of eight. The calculated phase change for copper is 173.73° ±3.8°, and aluminum 200.7° ±3.8°. These numbers do not agree well with the values from as shown in Figure 14 . 
Results, Varying Incident Angle
The gold sample was measured at normal incidence and at six incident angles. Ten measurements were taken at each position where each measurement was the average of eight. An example measurement for each angle is shown in Figure  15 . The top and bottom regions of the data are masked due to phase unwrapping errors that were present in some of the measurements. The phase unwrapping errors do not affect the remaining data. As expected, the sample becomes more elliptical as the angle increases. Also, there is more data drop out as the angle increases. The remaining data points are still more than adequate to define the glass substrate though. The calculated phase change at the glass gold interface is shown in Figure 16 where the measured data is in points and the lines indicates the theoretical phase change. In Figure 16 , it is interesting to note the three negative data points at incident angles of 20°, 24°, and 27°. Figure 15 also shows this where the metal regions are lower than the glass regions. This data is unexpected and cannot be readily explained. More investigation is required to determine the cause. There may be some inversion in the measurement that we have not investigated yet. The first step will be to repeat the series of measurements with smaller increments in the angle of incidence.
CONCLUSIONS AND CONTINUING WORK
The measured phase change for glass to gold, copper, and aluminum are normal incidence is 131.4° ±3.8°, 173.73° ±3.8°, and 200.7° ±3.8°, respectively. The measured values do not correspond to the calculated theoretical values. A first step will be to try to measure the phase change with an ellipsometer for comparison.
The measured phase for glass to gold at varying incident angle is shown above. These results are unusual and unexpected because the phase change was negative at some incident angles, but positive at others. Our first step in our continuing work will be to investigate the cause of the negative phase change values shown above.
The theoretical offset in the cat's eye position for a gold test part was found to be 27 nm towards the interferometer. Our future plans include by calculating the bias due to the phase change at cat's eye for specific test parts.
In addition, samples with a varying thickness of metal are currently being made to investigate the dependence of the phase change on film thickness.
